We previously reported the existence of two different kinds of fimbriae expressed by Porphyromonas gingivalis ATCC 33277. In this study, we isolated and characterized a secondary fimbrial protein from strain FPG41, a fimA-inactivated mutant of P. gingivalis 381. FPG41 was constructed by a homologous recombination technique using a mobilizable suicide vector, and failed to express the long fimbriae (41-kDa fimbriae) that were produced on the cell surface of P. gingivalis 381. However, short fimbrial structures were observed on the cell surface of FPG41 by electron microscopy. The fimbrial protein was purified from FPG41 by DEAE^Sepharose CL-6B column chromatography. The secondary fimbrial protein was eluted at 0.15 M NaCl, and the molecular mass of this protein was approximately 53 kDa as estimated by SDS-PAGE. An antibody against the 53-kDa fimbrial protein reacted with the short fimbriae of the FPG41 and the wild-type strain. However, the 41-kDa long fimbriae of the wild-type strain and the 67-kDa fimbriae of ATCC 33277 did not react with the same antibody. Moreover, the N-terminal amino acid sequence of the 53-kDa fimbrial protein showed only 2 of 15 residues that were identical to those of the 41-kDa fimbrial protein. These results show that the properties of the 53-kDa fimbriae are different from those of the 67-kDa fimbriae of ATCC 33277 as well as those of the 41-kDa fimbriae. ß
Introduction
Periodontal disease consists of in£ammatory responses in the gingiva and the supporting tissue of the teeth associated with several bacterial species in the subgingival pocket. The black-pigmented anaerobic Gram-negative rod-shaped bacterium, Porphyromonas gingivalis, which was isolated from the subgingival £ora of patients with periodontitis, is associated with periodontal destruction [1] . P. gingivalis has been shown to be one of the most important periodontopathogens, and possesses several characteristics of pathogenic organisms [2] . It possesses virulence factors that include collagenase, lipopolysaccharides, a trypsin-like protease and ¢mbriae [3^5] . Some reports have shown that P. gingivalis can adhere to other bacteria, erythrocytes, and epithelial cells [6^8] . Adherence has been recognized as the ¢rst step of the pathogenic process leading to periodontitis. It is thought that adherence is mediated by various proteins on the surface of P. gingivalis cells. The 41-kDa ¢mbriae of P. gingivalis are long ¢lamentous structures on the cell surface that are thought to play an important role in the bacteria-host cell interaction. The 41-kDa ¢mbrial protein was originally puri¢ed from a highly ¢mbriated strain, 381, by Yoshimura et al., who demonstrated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) that the major subunit (¢mbrillin) was a 43-kDa (41-kDa) protein [9] . The gene encoding the 41-kDa ¢mbrial protein was cloned and sequenced by Dickinson et al., who used a synthetic oligonucleotide probe designed on the basis of the amino acid sequence near the N-terminus of the protein [10] . The 41-kDa ¢mbriae are classi¢ed into four subtypes, type I^IV, based on the immunological character or the nucleotide sequence relative to that of the ¢mA gene [11] , and act as strong antigens in host immune responses. It is strongly suggested that the ¢m-brial proteins play an important role in the pathogenesis of periodontal disease.
A ¢mA-inactivated mutant, MPG1, was constructed from P. gingivalis ATCC 33277 by Hamada et al., and it failed to express the 41-kDa ¢mbriae. MPG1 expressed short ¢mbriae on its cell surface and the molecular mass of the puri¢ed short ¢mbrial protein was shown to be 67 kDa by SDS-PAGE [12, 13] . In addition, P. gingivalis ATCC 33277 strain expressed two distinctive ¢mbriae, the 41-kDa ¢mbriae and 67-kDa ¢mbriae, on the cell surface. However, the 67-kDa protein could not be detected in whole cell lysates of strain 381 by SDS-PAGE, although this strain also possessed secondary ¢mbriae. In this study, we constructed a ¢mA mutant of P. gingivalis 381, and showed the presence of another type of secondary ¢mbria that is di¡erent from the 67-kDa ¢mbria of P. gingivalis ATCC 33277.
Materials and methods
2.1. Bactericidal strains, plasmids and cultivation conditions P. gingivalis 381 was cultivated anaerobically (5% CO 2 , 10% H 2 , 85% N 2 ) in brain heart infusion broth (BHI, Difco Laboratories, Detroit, MI, USA) supplemented with yeast extract (0.5%), hemin (5 Wg ml 31 ), and vitamin K (10 Wg ml 31 ). Escherichia coli SM10 V pir was cultivated in Luria^Bertani (LB) broth (10 g of tryptone, 5 g of yeast extract and 5 g of NaCl per l) supplemented with ampicillin (250 Wg ml 31 ) and tetracycline (5 Wg ml 31 ). For selection or maintenance of plasmid-containing strains, antibiotics were added to the media at the following concentrations : erythromycin (10 Wg ml 31 ), tetracycline (5 Wg ml 31 ), ampicillin (250 Wg ml 31 ) and gentamicin (100 Wg ml 31 ).
Construction of ¢mA-inactivated mutant of P. gingivalis 381
The method described by Progulske-Fox et al. [14] was used with slight modi¢cations. Brie£y, 1.0 ml of a culture of E. coli SM10 V pir harboring pKDH1 [12] grown to mid-exponential phase was mixed with 4.0 ml of an anaerobically grown mid-exponential phase culture of P. gingivalis 381 recipient and pelleted by centrifugation. The pellet was spotted onto a BHI blood agar plate without antibiotics and incubated at 37³C in an anaerobic chamber for 24 h. The cells were then transferred to a fresh tube containing 1.0 ml of BHI broth and vortexed for 20 s. The cell suspension was concentrated by centrifugation, and a 0.1-ml portion was plated onto a BHI blood agar plate containing erythromycin and gentamicin and incubated at 37³C in an anaerobic chamber for 7 days.
Puri¢cation of secondary ¢mbriae from P. gingivalis
The secondary ¢mbriae were puri¢ed by a slight modi¢cation of the method of Yoshimura et al. [9] . P. gingivalis FPG41 was incubated anaerobically for 18 h in 6.0 l of BHI broth. The bacterial cell pellet was harvested by centrifugation at 8000Ug for 30 min and washed twice with 20 mM Tris^HCl bu¡er (pH 7.5) containing 10 mM MgCl 2 and 1.5 M NaCl by repeated pipetting. The suspension was subjected to ultrasonication with a 3-mm microtip at 25-W output on the pulse setting with ¢ve cycles of 1 min in an icebox, and then the suspension was recentrifuged at 8000Ug for 30 min. After centrifugation, ammonium sulfate was added to the supernatant to 40% saturation, and the precipitated proteins were collected by centrifugation and suspended in a small volume of 20 mM Tris^HCl bu¡er. The suspension was then dialyzed against 20 mM Tris^HCl for 1 day. The crude protein was applied to a DEAE Sepharose CL-6B anion exchange column equilibrated with 20 mM Tris^HCl (pH 8.0). The column was washed with 20 mM Tris bu¡er and then eluted with a linear gradient of 0^0.3 M NaCl at room temperature. The fractions were dialyzed against 2 mM Tris^HCl for 1 day and stored at 4³C.
SDS-PAGE
Protein extracts were heated at 100³C for 5 min in loading bu¡er (62.5 mM Tris^HCl bu¡er pH 6.8, containing 2% SDS, 10% v/v glycerol, 2.5% 2-mercaptoethanol, and 0.1% bromophenol blue). Samples were applied to 12.5% w/v polyacrylamide slab gels with a 4% w/v stacking gel, and electrophoresed at 30 mA constant current for 1 h. The proteins were stained with Coomassie brilliant blue R-250. For molecular mass calibration, a low-molecularmass marker kit (Daiichi Pure Chemicals, Tokyo, Japan) was used.
Antibodies
Polyclonal rabbit antibodies (PAbs) to ¢mbriae were prepared using the puri¢ed ¢mbriae described above as the immunogen. Japanese White rabbits (2^3 kg) were injected at multiple sites subcutaneously with 50 Wg of the appropriately conjugated ¢mbriae in Freund's complete adjuvant (Difco). After 2 weeks, the rabbits were injected weekly for 4 weeks with the respective immunogen in Freund's incomplete adjuvant (Difco). Each rabbit was bled after the last booster injection, and the antibodies were tested against the corresponding antigen by Western blotting. After an adequate antibody titer was obtained, the rabbits were bled by cardiac puncture and the sera were prepared and stored at 320³C.
Western blotting
For immunoblot analysis, the proteins separated by SDS-12.5% PAGE were transferred to polyvinylidene di£uoride membranes (Immobilon ; Nihon Millipore Kogyo, Yonezawa, Japan) at 200 mA for 1 h. The membranes were then treated with TBS (20 mM Tris^HCl pH 7.4, 0.5 M NaCl) containing 1% v/v bovine serum albumin (BSA) to block unoccupied protein binding sites. They were then incubated with a polyclonal antibody speci¢c for the ¢mbriae at 37³C for 1 h, washed in TBS^Tween, incubated for 1 h with protein A, then immersed in a 4-chloro-1-naphthol (Tokyo Chemical Industry, Tokyo, Japan) solution to develop the color. The reaction was stopped by immersing the membranes in distilled water, and the membranes were then dried.
Electron microscopy
The ¢mbriae of P. gingivalis cells and the puri¢ed protein were examined with a transmission electron microscope. Brie£y, the bacterial cells from an 18-h anaerobic culture were harvested by centrifugation at 10 000Ug for 1 min, and resuspended in phosphate-bu¡ered saline (PBS, pH 7.4). Copper grids (150 mesh) were covered with a thin ¢lm of collodion, which was then coated with carbon. The supported ¢lms were made hydrophilic by ion bombardment before use. A drop of cell suspension or puri¢ed protein was applied to the specimen grid and negatively stained with 2% w/v uranyl acetate for 60 s at room temperature. The specimens were examined with a JEM-200CX electron microscope (Nippon Denshi Co., Tokyo, Japan) operated at 80 kV.
Immunoelectron microscopy
P. gingivalis cells were washed with PBS and resuspended at approximately 5U10 8 bacterial cells per ml of PBS. The suspension was transferred to a collodion coated-¢lm nickel grid and the cells were incubated with 10 Wl of PAbs to the 53-kDa ¢mbriae (diluted 1:10000 in PBS containing 1% BSA) at 37³C for 1 h. After ¢ve washes with PBS, the cells were incubated with sheep anti-rabbit immunoglobulin G conjugated with 5-nm gold particles (1:40; AuroProbe EM; Amersham) at 37³C for 30 min. The cells were stained with 2% uranyl acetate for 1 min after ¢ve washes with PBS. The specimens were examined and photographed with a JEM-200CX electron microscope operated at 80 kV.
N-terminal amino acid sequences
The N-terminal amino acid sequences of the ¢mbrial proteins were determined using a PPSQ-21 amino acid sequencer system (Shimazu, Japan). The puri¢ed ¢mbrial protein was electrophoresed on a 12.5% SDS-polyacrylamide gel and then transferred onto a polyvinylidene di£uoride membrane (Bio-Rad Laboratories) operated at 200 mA for 1 h. After the membranes were stained with Coomassie brilliant blue R-250, the protein band puri¢ed from the ¢mbriae was excised and analyzed using a sequencer.
Results

Characterization of the ¢mA-inactivated mutant from P. gingivalis
The ¢mA-inactivated mutant, FPG41, was constructed by a homologous recombination technique using the method of Hamada et al. [12] . Brie£y, a 3.8-kb DNA fragment from pE5-2 containing tetracycline (Tc r ), clindamycin (Cc r ), and erythromycin (Em r ) (Tc r /Cc r -Em r ) resistance genes were inserted into the ¢mA gene in pUC13Bg12.1. A pvuII fragment containing the inactivated ¢mA gene was then subcloned into the suicide vector pGP704, and the resulting plasmid was designated pKDH1. E. coli SM10 V pir containing pKDH1 was conjugated with P. gingivalis 381, and the pKDH1, containing the inactivated ¢mA gene, was integrated into the chromosomal DNA of P. gingivalis 381. To counterselect against the host E. coli strain, the conjugated bacterial preparation was plated onto a blood agar plate containing the antibiotics erythromycin and gentamicin. Mutants of P. gingivalis were isolated at a high frequency, and one of the mutants of P. gingivalis was designated FPG41. The expression of ¢mbriae on the cell surface of FPG41 and the wild-type strain was investigated by transmission electron microscopy. The wild-type strain possessed numerous long ¢mbrial structures (41-kDa ¢mbriae) on its cell surface (Fig. 1B) , whereas these structures were not observed on the cell surface of FPG41 cells (Fig. 1A) . Interestingly, another ¢mbrial type of structure was observed on the surface of FPG41 cells and the length of these ¢mbriae was obviously shorter than that of the 41-kDa ¢mbriae.
Puri¢cation of a 53-kDa ¢mbrial protein
The secondary ¢mbrial protein was puri¢ed from the crude ¢mbrial preparation of FPG41 by anion-exchange chromatography. The secondary ¢mbrial protein was eluted at 0.15 M NaCl on a DEAE^Sepharose CL-6B column. The 41-kDa ¢mbrial protein from the wild-type strain was eluted with 0.125 M NaCl. Electron microscopic examination revealed that two distinct types of ¢mbriae structures were present in the puri¢ed ¢mbrial protein preparations. The 53-kDa ¢mbria was 0.2^0.6 Wm in length and 4 nm in width, that is, shorter and thinner than the 41-kDa ¢mbria (0.5^2.5 Wm in length and 6 nm in width) ( Fig. 2A,B) . The crude ¢mbrial preparation from the wild-type strain contained the protein band of 41 kDa as determined by SDS-PAGE; however, the crude ¢mbrial The 41-kDa ¢mbrial protein (FimA) from strain 381 was found in long ¢mbrial structures (B). FimA was puri¢ed from a crude ¢mbrial preparation of P. gingivalis 381 (wild-type strain) and then eluted at 0.13 M NaCl by the same method described in the text for puri¢cation of the of puri¢ed 53-kDa ¢mbrial protein. The puri¢ed protein was negatively stained with 2% uranyl acetate. Bars: 0.5 Wm. preparation from FPG41 did not contain the 41-kDa protein (Fig. 3A, lanes 1 and 2) . The ¢mbrial preparation puri¢ed by DEAE^Sepharose CL-6B column chromatography showed a single band with a molecular mass of 53 kDa in SDS-PAGE (Fig. 3A, lane 3) . Western blotting analysis of the crude ¢mbrial preparation from the wildtype strain and FPG41 and puri¢ed protein from FPG41 using PAbs against the 53-kDa ¢mbrial protein speci¢cally detected a single protein band (Fig. 3B) .
The structure of the 53-kDa ¢mbria was similar to that of the 67-kDa ¢mbria (0.2^0.5 Wm length and 3 nm width), which was previously reported by Hamada et al. [12, 13] . However, regarding the antigenicity of these two ¢mbriae of P. gingivalis, the PAbs against the 53-kDa ¢mbrial protein speci¢cally reacted with the 53-kDa ¢mbrial protein, and did not react with the 67-kDa ¢mbrial protein of ATCC 33277. Moreover, the PAbs against the 67-kDa ¢mbrial protein did not react with the 53-kDa ¢mbrial protein (Fig. 4B,C) . Thus, these two types of ¢mbrial proteins did not show immunological cross-reactivity. It can be inferred from these results that the 53-kDa ¢mbrial component was present in both FPG41 and the wildtype strain.
N-terminal amino acid sequences of the ¢mbrial proteins
The amino acid sequence of the N-terminal 15 residues of the two kinds of secondary ¢mbrial proteins and the 41-kDa ¢mbrial protein were subjected to N-terminal Edman degradation. For this, the ¢mbrial proteins were separated by SDS-PAGE and transferred onto polyvinylidene di£uoride membranes. After staining with Coomassie brilliant blue R-250, the ¢mbrial protein bands were excised and subjected to amino acid sequence analysis. The amino acid sequence of the 53-kDa ¢mbrillin protein (AGDGQDQANPDYHYV) showed 5 of 15 residues identical to those of the 67-kDa ¢mbrillin protein (AGDN-DYNPIGEYGGV) and 2 of 15 residues identical to the 41-kDa ¢mbrillin protein (AFGVGDDESKVAKLT).
Transmission electron micrographs of immunogold labeling
In immunogold labeling, the 53-kDa ¢mbriae of FPG41 were labeled with PAbs against the 53-kDa ¢mbrial protein (Fig. 5A) ; however, the long ¢mbriae (41-kDa ¢m-briae) of the wild-type strain were not labeled with the PAbs. On the other hand, the 53-kDa ¢mbriae on the cell surface of the wild-type strain were labeled with the PAbs (Fig. 5B) . These results clearly suggested that the wild-type strain produced not only 41-kDa ¢mbriae, but also 53-kDa ¢mbriae on its cell surface. Moreover, the 53-kDa ¢mbrillin protein was antigenically distinguishable from the 41-kDa ¢mbrillin protein.
Discussion
In this study, we isolated a secondary ¢mbria from the cell surface of P. gingivalis strain 381, and succeeded in purifying and characterizing the 53-kDa ¢mbrial protein.
The 53-kDa ¢mbrial protein was puri¢ed from FPG41 (a ¢mA-inactivated mutant), in which the ¢mA gene encoding the 41-kDa ¢mbrial protein was inactivated. FPG41 did not produce 41-kDa ¢mbriae; however, ¢mbrial structures were observed on its surface. Moreover, the secondary ¢mbriae were produced on the surface of not only FPG41 cells but also the wild-type strain, P. gingivalis 381.
The ¢mA-encoded protein (FimA) was previously reported to be related to periodontal disease. FimA is the 41-kDa subunit protein that forms the long ¢mbrial structures on the cell surface of P. gingivalis. Although FPG41 was found by electron microscopy to lack the long ¢mbrial structures on its surface, the short ¢mbrial structures (53-kDa ¢mbriae) were observed on these cells. SDS-PAGE analysis of the crude protein from FPG41 revealed the absence of the 41-kDa protein. The 53-kDa ¢mbrial protein was puri¢ed by using a DEAE^Sepharose CL-6B column, from which it was eluted at 0.15 M NaCl. FimA was puri¢ed from the wild-type strain by elution at 0.13 M NaCl using the same column. It is possible that the secondary ¢mbrial protein co-eluted with the 41-kDa ¢mbrial protein, since the elution points of the two proteins were quite close. Thus, the 53-kDa ¢mbrial protein could not be puri¢ed from the wild-type strain without detergent [15, 16] . The puri¢ed secondary ¢mbrial protein was observed as a single band of 53 kDa by SDS-PAGE analysis, and had antigenicity distinct from that of the previously reported 41-kDa ¢mbrial protein of the wild-type strain. Variations of the size and antigenicity of the FimA protein have been reported for di¡erent ¢mbriated strains of P. gingivalis. All the strains of P. gingivalis previously tested, except for W50, W83 and AJW 5, show a ¢mbrial protein band with a molecular mass in the range of 41^49 kDa. The anti-¢mbrillin PAbs raised against P. gingivalis 2561 reacted with these protein bands [17^19]. Another distinct ¢mbrial protein, the 67-kDa ¢mbrial protein of ATCC 33277, was identi¢ed as the monomer that formed a minor ¢mbria [13] . The N-terminal amino acid sequence of the 53-kDa ¢mbrial protein of P. gingivalis 381, which was antigenically distinct from the 41-kDa ¢mbrial protein, was similar to the sequence of the 67-kDa ¢mbrial protein of strain ATCC 33277. However, the 53-kDa ¢mbrial protein was antigenically distinct from the 67-kDa ¢mbrial protein. In addition, the N-terminal amino acid sequences of the 53-kDa and 67-kDa ¢mbrial proteins were identical at just 5 of 15 positions (the ¢rst three residues and two others). PAbs against the 53-kDa ¢mbrial protein bound to ¢mbrial structures on the surface of FPG41 and the wild-type strain, but did not bind to the 41-kDa ¢mbriae of the wild-type strain. These results suggested that the 53-kDa ¢mbriae were present along with the 41-kDa ¢mbriae on the surface of the wild-type strain, 381, but were not detectable due to the numerous long ¢mbriae.
A major outer membrane protein (MOMP) of P. gingivalis strain 381 was previously puri¢ed using cetyl trimethyl ammonium bromide (CTB), and its molecular mass was estimated as 53 kDa by SDS-PAGE [15, 16] . The amino acid sequence of the 15 residues N-terminal of the 53-kDa ¢mbrial protein was the same as that of the 53-kDa MOMP [20] . This clearly suggests that 53-kDa MOMP exists as a short (secondary) ¢mbrial structure on the cell surface of P. gingivalis strain 381. It was reported that the MOMP reacted strongly with the serum of patients with periodontal disease [15, 16] . Adult periodontitis patients' sera reacted strongly with the secondary 53-kDa or 67-kDa ¢mbrial proteins in our preliminary study (data not shown). These results suggest that the heterogeneity of the 53-kDa and the 67-kDa ¢mbrial proteins may play an important role in periodontal pathogenicity and the host immune-response.
In these studies, we have shown that P. gingivalis expresses at least two types of ¢mbriae on the cell surface. Moreover, the secondary ¢mbriae were subdivided into the 53-kDa and 67-kDa types of ¢mbriae. The 41-kDa ¢mbriae of P. gingivalis have been studied extensively and reported to be one of the pathogenic factors of periodontal disease [18^20]. In addition, it is possible that the secondary ¢mbrial proteins may be important as bacterial pathogenic factors, and the secondary ¢mbrial structures on the cell surface of P. gingivalis may be one of the virulence factors for periodontal disease. Our further studies will be directed toward elucidating the biochemical and immunobiological functions of the secondary ¢mbriae.
